We investigated to what extent the isentropic, non-geostrophic formulation of zonally averaged circulation derived for stratospheric conditions is applicable to climatological transport in the extratropical troposphere and lower stratosphere. The study is based on 10 years of daily data of ECMWF analysis and on the ECHAM3 climate model of the German Climate Computing Centre. The main result is a scalar isentropic mixing coecient, u yy , and a mean meridional transport circulation consistently derived from the same data base. For both data sources, isentropic mean meridional circulation is derived from horizontal mass¯ow rate for 4 representative months. Alternatively, a mean meridional circulation is calculated from total diabatic heating rates of the ECHAM3 model. It is shown that only the latter is in good agreement with the ECMWF mean meridional circulation. Isentropic analysis also comprises the seasonal cycle of the climatological meridional gradient and¯ux of Ertel's potential vorticity (PV). Application of Tung's¯ux-gradient relation yields that for all seasons u yy is positive in heightlatitude regions where statistical signi®cance is reached. Large u yy values, marking regions of more ecient mixing, have been found in the subtropical vertical band of weak westerly wind and in mid-latitudes in regions of upward-propagating baroclinic wave activity in the middle and upper troposphere. Based on the ECMWF data and results of baroclinic-wave behaviour, strong indications are presented that positive zonally averaged PV¯ux polewards of the jet core in the NH is strengthened by stationary waves and nonlinear eects. Reduced eddy transport is apparent in winter and spring slightly below the subtropical tropopause jet. The seasonal cycle of u yy from ECHAM3 data is to a great extent in agreement with the result based on ECMWF analysis. In the model, reduced interannual variability enlarges the height-latitude range where sign of u yy is signi®cant.
Introduction
The global climatological distribution of an atmospheric tracer is determined more by dynamical transport the longer its chemical lifetime. The zonally averaged distribution of long-living, quasi-conservative tracers is in¯uenced by transport of stationary and transient waves. In a climatological time-scale, zonal mean tracer distribution can be determined in an eective way with the help of zonally averaged transport (2D) models. The contribution to zonal mean transport which is not resolved in such models comes from longitudinal correlations of large-scale eddies. It has to be parameterized by zonally averaged quantities.
Two-dimensional models become an indispensable part of the hierarchy of transport models if a large number of chemical species, coupled with a complex system of chemical reactions, has to be considered, e.g. for the interpretation of observed zonal mean ozone distribution and trend (WMO, 1995) .
At the moment we notice an evolution of these transport-chemistry models characterized by an improvement in the chemical part and by the extension of the data base for additional natural and anthropogenic sources. On the other hand, experiments with idealized N 2 O-like tracers and prescribed latitude and time-independent photochemical loss rate have shown considerable dierences between the predictions of a series of transport-chemistry models for the latitudeheight distribution of such long living tracers (Prather und Remsberg, 1993) . These dierences have their origin in a dierent representation of dynamical transport. By presentation of a consistent climatological mean meridional circulation and an exchange parameter representing the eect of large-scale eddies in the troposphere and lower stratosphere, this work tries to contribute towards an improvement.
The partition of zonally averaged transport into a zonal mean meridional mass circulation and an eddy contribution depends on the choice of the vertical coordinate. Both in the transformed Eulerian mean (TEM) (Andrews and McIntyre, 1976) and in the isentropic mean (Andrews, 1983; Tung, 1986) , the meridional mass circulation already has a cell structure which is similar to the Brewer-Dobson circulation. The additional zonally averaged tracer transport by transient eddies is usually related to the gradient of zonally averaged tracer concentration via a 2 Â 2 matrix of diusion coecients, K. K can be decomposed into two components (e.g. Plumb, 1979; Pyle and Rogers, 1980; Tung, 1982) . In linear approximation the dynamic component describes mixing. The second component, usually denoted as``chemical'', in weakly non-linear approximation describes the eect of scale-independent dissipative processes like radiational damping and photochemical decay. Both components of K can be calculated from the longitudinal distribution of Lagrangian parcel displacements and their correlation, which are, however, not available in most cases.
The dynamic component of K quanti®es a transport process which is the same for every conservative tracer. That means it can be determined from the temporal evolution of the spatial distribution of an arbitrary conservative tracer. With respect to the horizontal matrix component, u yy , Juckes (1989) has demonstrated that the dynamically active tracer``potential vorticity'' behaves like a``normal'' passive tracer with a small and constant chemical loss rate. The unique advantage of potential vorticity is that its global distribution can be calculated from atmospheric standard quantities. Schmitz and Dethlo (1984) discussed¯ux-gradient parameterization of quasi-geostrophic vorticity¯ux in pressure coordinates obtained from climatological data for the extratropical northern winter troposphere and found upgradient¯ux in the vicinity of the tropopause. Newman et al. (1988) determined seasonal mixing coecients from¯uxes and gradients of quasi-geostrophic potential vorticity based on 4 years of NMCanalysis geopotential height and temperature data for troposphere and stratosphere. Plumb and Mahlman (1987) obtained seasonal K consistent to a generalized transport circulation, which is equivalent to TEM residual circulation if diabatic heating can be neglected. 3D transport experiments with the GFDL general circulation model (GCM) gave¯uxes of two tracers with orthogonal concentration gradients up to a height of 10 hPa. This was the basis of an independent determination of seasonal values of all four matrix elements of K. By 2D transport calculations with these transport parameters, Plumb and Mahlman demonstrated the ability of a 2D model to reproduce zonally averaged tracer distributions of equivalent 3D-model experiments. Yang et al. (1990) and Sassi et al. (1990) used observed stratospheric temperature data to deduce¯ux of Ertel's potential vorticity (PV) from the zonally averaged angular momentum balance, according to the isentropic, non-geostrophic angular momentum equation (Tung, 1986) . Their scalar u yy , derived from the isentropic¯uxgradient relation for PV (Tung, 1986) , gives a measure of mixing eciency caused by transient eddies.
The aim of this work is the extension of Tung's method to the middle and upper troposphere. The investigation is based on ECMWF-analysis data from 1984 to 1993 and on results from experiments with the ECHAM3 GCM. Both data sets enable the consistent determination of mean meridional transport circulation and u yy in their seasonal dependence. In contrast to Yang et al. (1990) and Sassi et al. (1990) , who had to apply the zonally averaged angular momentum balance equation, PV¯ux can be calculated directly from the local deviations from zonal average. Comparison of the results from ECMWF-analysis data and ECHAM3model data gives an estimate of the performance of the GCM with respect to zonally averaged tracer transport.
The outline of the work is as follows. In Sect. 2 the expressions for the mean meridional circulation and thē ux-gradient relation in isentropic coordinates are given. In Sect. 3 data sources and data processing are described in detail. In Sects. 4.1 and 4.2 results derived from the ECMWF analysis data are shown for mean meridional circulation, meridional PV¯ux by transient eddies, PV gradient and eddy mixing coecient. The corresponding results from the GCM data are presented in Sects. 4.3 and 4.4 . In Sect. 5 results are discussed and in Sect. 6 a summary and conclusions are given.
Zonally averaged equations and parameterization
In this work the eddy¯ux parameterization scheme of Tung (1986) is applied. Potential temperature, H, is used as vertical coordinate. The zonally averaged transport equation for the volume mixing ratio, , of a conservative tracer weighted by the density, q H , appropriate in
Indices at square brackets denote partial derivatives. Density-weighted zonal averaging is de®ned by q H q H and Ã À X 2
Density in H-coordinates is de®ned as
Single overbars represent the usual zonal average along isentropes; t is time and p pressure. Latitudinal coordinate is y Á sin u; means the earth's radius; z is the geometrical height, v and H are the meridional and vertical wind velocities, and are the respective mass ow rates, de®ned by
is the diabatic heating rate. The zonally averaged continuity equation reads
With the steady-state assumption the isentropic mass streamfunction is de®ned according to Townsend and Johnson (1985) by
if is known and the boundary condition of vanishing and W is applied at the top H-level. The subscript denotes the quantity W is derived from. If is known and and therefore W are assumed to vanish at the poles, W can be obtained from
Since the boundary condition of Eq. (6a) is somewhat arti®cial in the lower stratosphere, Eq. (6b) should be preferred if is available. By combination of Eqs. (4), (6a) and (6b), can be obtained from or , and vice versa. Application of vertical coordinate H involves the problem that in mid-latitudes isosurfaces steeply intersect the ground. An implication in the lower troposphere is that H isentrope`Hsurface for parts of the isentropic averaging path. The ratio of those parts increases with decreasing height. Those grounded isentropes are treated with the procedure of Lorenz (1955) and Andrews (1983) [see also Juckes et al. (1994) and Townsend and Johnson (1985) ]. By setting q H equal to zero if H isentrope`Hsurface , it is achieved that the density weighted mean [Eq.
(2)] contains no contribution from such a region. For 2D calculations eddy¯ux terms on the righthand side of Eq. (1) have to be expressed by zonally averaged quantities. Tung (1986) has derived a relation for the horizontal eddy¯ux term in Eq. (1) from linearization and scale analysis of the perturbation form of Ertel's PV equation. Generalization for any conservative tracer leads to:
and q H u yH q H v Ã / Ã Y g Ã and / Ã are the horizontal and vertical displacements of air parcels from their undisturbed position. Usually, these Lagrangian quantities are not known. Therefore, the eddy terms in Eq. (7), summarized to mixing coecients, u yy and u yH , cannot be calculated directly. For adiabatic processes / Ã vanishes. From the Lagrangian structure of the remaining coecient u yy in Eq. (7) it becomes clear that in this approximation, transient behaviour causes diusive horizontal transport.
In the absence of diabatic heating sources Ertel's potential vorticity, , is a conservative quantity, i.e.
f is the Coriolis parameter nj H and the relative vorticity calculated along H-surfaces. For adiabatic motion of air parcels it follows from Eq. (7), that
Furthermore, for adiabatic processes the northward PV ux [Eq. (9) ] is related to the divergence of the Eliassen-Palm¯ux, p , the eddy forcing term in the zonally averaged angular momentum equation (Andrews, 1983; Tung, 1986 ), by
where a prime is de®ned as deviation from zonal mean. w is the Montgomery streamfunction, de®ned by w p UX U being the geopotential. Near the ground the non-adiabatic processes are assumed to be strong, so that eddy parameterization on grounded isentropes is not examined.
3 Data analysis procedure
ECMWF analysis
The applicability of the isentropic, quasi-adiabatic parameterization scheme [Eq. (9)] in the troposphere was examined based upon a 10-year data set of the ECMWF analysis (in the following referred to as analysis data) from 1984 to 1993. Prior to October 1989 it is available in T63 resolution, and thereafter in T106 resolution. For better comparison with the available ECHAM3 results spectral ECMWF data were transformed to a spatial grid of 6°horizontal resolution.
In the vertical direction data were interpolated linearly in Ha285 K À3Y5 from pressure to H-levels with constant DH of 10 K. Comparison with 5-K resolution has not shown a signi®cant change.
Based on the parameterization formula Eq. (9), a ®rst methodical evaluation of the data sets with a linear regression formula for u yy (Newman et al., 1988) applied to time-series of daily and monthly averaged¯ux-gradient data pairs was carried out. The regression formula was divided into a term describing the temporal correlation of transient¯ux and meridional gradient and a term consisting of the ratio of temporal means of both quantities. It turns out that the contribution of temporal correlation in this time-scale is predominantly negative and only weak compared with the contribution of the temporal means. In such a case of vanishing temporal correlation, the regression coecient, u yy , decreases with increasing gradient variability. This undesirable eect of uncorrelated noise would enlarge the dierence between real mean¯ux and a parameterized¯ux calculated for a 2D model from a mean gradient and u yy . To eliminate this artifact caused by the least-squares ®t algorithm, u yy is calculated from the ratio of temporal-averaged monthly mean¯ux and gradient values according to Eq. (11). This is physically appropriate if we focus on a climatological seasonal u yy -cycle for monthly averaged tracer¯uxes and regions with suciently steep meridional gradients.
Curved brackets with superscript m represent monthly means. For January, April, July and October time-series of w 10 data pairs of monthly averaged¯ux and gradient were formed. The¯ux caused by transient eddies in Eq. (11) is the dierence between total and stationary¯ux
where curved brackets without an index denote a temporal average over the whole data series. With this method statistical error results from the interannual variability only. Con®dence interval is calculated for a statistical certainty of 95% . The main drawback is the possible appearance of large relative errors in regions with small climatological PV gradient where parameterization on the basis of zonal mean PV distribution is questionable.
Because is not available here, meridional mass streamfunction, W v , was calculated from Eq. (6a) with vanishing vertical mass¯ux at 500 K as upper boundary condition. Experiments with a systematic downward shift of this upper boundary position yielded no noticeable eect on W v only below 390 K, and so we have to restrict our considerations to this region.
ECHAM3 experiments
The model data basis consists of GCM results of the T21 and T42 versions of the ECHAM3 model of the German Climate Computing Centre in Hamburg (Roeckner et al., 1992; GCCC, 1993) . It comprises the height region from the ground up to 10 hPa. The data set of the GCM was treated in analogy to the analysis data. The following GCM experiments were used:
1. ECHAM3 experiments in T42 resolution (transformed to a 5X6 grid) over 6 years. The climatological annual cycle of the sea-surface temperature (SST) which is used in the Atmospheric Model Intercomparison Project (AMIP I, 1995) was repeated every year. These experiments without externally forced interannual variability were chosen to reduce statistical variability in estimates of u yy . The output of these experiments does not include diabatic heating rates.
2. Experiments in T21 resolution (% 5X6 ) over 6 years with ECHAM3 standard climatological annual cycle of SST (Roeckner et al., 1992) . This data set includes the total diabatic heating rate (GCCC, 1993) .
T42 experiments were used to calculate u yy and the mean meridional streamfunction, W v , with upper boundary at 500 K. The meridional stream function, W was calculated with T21 data for the same height region. An estimation of directly calculated from meridional wind velocity and mass density [Eq. (4)] and from W [Eq. (6a, b)] allows a comparison of both.
Note that at each latitude there is a minimum H surface value, H min u, along the latitudinal circle. H min u is largest in the tropics and decreases towards the poles. Consequently, at the bottom of a HÀu plot of zonally averaged quantities, a white region exists below H min u, which is completely below the ground.
Results

Mean meridional circulation from ECMWF analysis
Here we present the corresponding meridional mass streamfunction, W v , for 1 month from every season. In Fig. 1 tropospheric thermal direct circulation cells reaching from the tropics to polar latitudes can be found in varying strength in January (a), April (b), July (c) and October (d). A characteristic feature is the descent between 20 and 40 latitude in the upper troposphere which allows the subdivision into a tropical/subtropical branch similar to the Hadley cell in pressure coordinates and a weaker branch from middle to polar latitudes.
Circulation is strongest in the winter hemispheres, where it has a maximum value of À17 Á 10 10 kg s À1 in July in the region of the Hadley branch. The stream function is nearly symmetric in equinoxes with maximum values of AE7 Á 10 10 kg s À1 again in the Hadley branch. Circulation in the southern hemisphere (SH) winter (summer) is stronger than in the northern hemisphere (NH) winter (summer). One can clearly see the asymmetric position of the winter cells in respect to the equator. In July the SH cell is more extended to NH tropics than its NH counterpart in January to SH tropics. Consequently, in the annual mean a northward shift is to be expected. Qualitatively, strongest circula-tion in the lower stratosphere is found in NH winter at middle and high latitudes. Note the dierent contour interval below and above AE1. The thick solid line marks the zonally averaged dynamical tropopause, which is de®ned here by a constant absolute PV value of 2 K m 2 kg À1 s À1 . The de®nition is only useful polewards of about 20 because PV values pass zero at the equator. The tropopauses de®ned in that way practically coincide in NH and SH winter, whereas in NH summer the tropopause is slightly higher than in SH summer. The tropopauses of the corresponding hemispheres in April and October also coincide. Furthermore, Fig. 1 shows a strong isentropic mass circulation con®ned to the troposphere in mid-latitudes in all seasons. Note the change of contour distance near the tropopause.
Eddy¯ux parameterization based on ECMWF analysis data
In this section we focus on the climatological mixing coecient u yy uY H which has been calculated from the ratio of meridional PV¯ux by transient eddies and the meridional gradient of density weighted PV [Eq. (11) ]. In Fig. 2 the meridional gradient of density weighted PV [denominator in Eq. (11)] is plotted together with the zonally averaged tropopause (thick dashed line). For comparison with other studies, e.g. Yang et al. (1990) , our shown gradient is multiplied by cos u. The position of the subtropical jet maximum is marked by capital``J''. Generally, it can be seen that the gradient is positive everywhere. The dominant feature in both hemispheres and in all seasons is the gradient maximum along the tropopause. Local maxima always appear near the jet position. A further maximum occurs in the SH polar lower stratosphere in July and October. It marks the edge of the polar vortex. In October at 60 S it is extended far downwards and a second, high-latitude maximum at the tropopause is to be seen.
In Fig. 3 the corresponding PV¯ux by transient eddies, multiplied by cos u [the numerator in Eq. (11)] shows a maximum of southward (negative)¯ux near the tropopause in all seasons. Similar to the gradient pattern in Fig. 2 it is restricted to a band of AE20 K along the tropopause (thick solid line) in both hemispheres. Note that this is approximately equivalent to 200±250 hPa. In this region there is no remarkable dierence between the maximum values of both hemispheres in January, April and October, whereas in July, SH¯ux is significantly stronger. In SH winter the downgradient¯ux maximum is nearly twice as strong as in NH winter. Thick solid lines mark the zonally averaged dynamical tropopause PV 2 Á K m 2 kg À1 s À1 ) Seasonal variation of the maximum¯ux is weaker in the NH. In the SH the winter maximum is approximately twice as strong as that in summer. In both hemispheres the latitudinal position of the maximum varies between 45 and 55 . The vertical position moves from 310 to 340 K from winter to summer in the SH and from 300 to 340 K in the NH. The location of the maximum negativē ux is exactly at the dynamically de®ned zonally averaged tropopause in SH summer and NH autumn and slightly shifted above the tropopause in NH summer and below the tropopause in spring and SH autumn. It is clearly below the tropopause in winter of both hemispheres.
Small regions with weak northward (positive) PV¯ux occur above the zonally averaged tropopause at f40 ±50 NY 350±355 Kg 10 ±20 polewards of the subtropical jet in January and April and at f40 ±60 SY 340 Kg also 10 ±20 polewards of the subtropical jet in July. Further positive regions can be found in the northern hemisphere at f55 NY 330 Kg in January as well as around f35 NY 330 Kg in July and October and at f22 NY 365 Kg in July. A test for statistical signi®cance of the sign in these positive¯ux regions failed except for the last one in NH tropics in July. This is due to the strong interannual¯uctuation in these regions.
In the lower stratosphere meridional PV¯uxes by transient eddies are much weaker than in the vicinity of the tropopause. In the SH they are concentrated between 20 S and 40 S and in the NH between 40 N and 60 N. In the NH winter¯ux regions with alternating sign reach from the mid-latitude tropopause to the upper boundary of our data set in the polar lower stratosphere.
With the climatological gradients and¯uxes illustrated, Eq. (11) gives an u yy uY H shown in Fig. 4 . For comparison with other studies, our u yy is multiplied by cos 2 u. Shaded areas mark height-latitude regions where statistical error is lower than 100% and therefore the sign of u yy is signi®cant.
It is apparent that the maxima of¯ux along the tropopause are compensated to a large degree by the gradient maxima, so that no enhanced u yy is observed there. Regions with large mixing coecients b 4 Á 10 5 m 2 s À1 are found in mid-latitudes in the middle troposphere at about 300 K except in summer, when, as already shown, the PV¯ux maximum is at or slightly above the tropopause. u yy cos 2 u the middle troposphere has its largest value of 10 Á 10 5 m 2 s À1 in SH winter and of 7 Á 10 5 m 2 s À1 in NH winter.
In the winter and spring of both hemispheres and in SH April an additional region of more ecient mixing Fig. 2a±d . Meridional gradient of the density weighted zonally averaged PV multiplied by " q H cos u in 10 11 m À1 s À1 from ECMWF analysis for 4 months. Meridional derivative is de®ned with respect to y Á sin u. The contour interval is 2. Thick dashed lines mark the dynamical tropopause. Capital``J'' marks the subtropical jet positions can be seen from the subtropical troposphere to the upper boundary of the considered region. This subtropical pattern is correlated to a band of weak zonal wind marked by thick dashed lines.
In the NH in all seasons one ®nds signi®cant mixing regions outside the subtropics in the mid-latitude lower stratosphere between 370 and 470 K. They cover the whole extratropical stratosphere up to 70 N and are strongest in April and October. Maximum values of u yy are at 4±12 Á 10 5 m 2 s À1 .
Regions of negative u yy mark climatological upgradient PV¯ux. A signi®cant negative region in midlatitudes occurs only at 40 N in April polewards of the subtropic jet. The striking but statistically insigni®cant negative u yy layer in the NH lower stratosphere in July is the result of a very small and negative gradient not resolved in Fig. 2c . It has to be stressed that these extreme values, as well as those in the NH January stratosphere and the blobs near the south pole in April and October are statistically insigni®cant.
Mean meridional circulation from ECHAM3 data
Because the mean meridional stream function in the ECHAM3-T21 runs strongly deviates from ECMWF results in the lower stratosphere, we have also calculated a mean circulation based only on heating rates. The meridional mass¯ow rate, d , directly derived from meridional wind, v, and isentropic mass density [Eq. (4)] and con , calculated by Eqs. (4), (6a, b) from via and W W v as described in Sect. 2 are shown in Fig.  5a , b for April. Except for smaller quantitative dierences in the middle troposphere, there is good agreement of the maxima in the subtropical upper troposphere at 350 K. The most striking dierence is the stronger meridional mass¯ow rate, d , in the subtropical lower stratosphere between 390 K and the upper boundary. If one takes d from the ECMWF analysis ( Fig. 5c ) as reference, it turns out that the model has an unrealistic circulation in the lower stratosphere. The results for other months (not shown) are similar.
Despite this shortcoming of the model it is possible to derive a realistic mean meridional mass circulation, W , from the diabatic heating rate terms occurring in the temperature tendency equation of ECHAM3 (GCCC, 1993) . This is shown in Fig. 6a for January and in Fig. 6b for July. As in the analysis data this mean meridional circulation is strongest in winter and of similar strength in both hemispheres in spring and autumn (not shown). In summer and spring we ®nd small cells with opposite sign at 310 K between 30 and 40 not occurring in the Regions below 0.25 are shaded. Thick solid lines mark the dynamical tropopause. Capital``J'' marks the subtropical jet positions circulation calculated from the analysis data ( Fig. 1) . They are superimposed onto a tropospheric circulation which is otherwise very similar to the analysis result in shape and strength. In winter and autumn mean meridional circulation in the Hadley branch is more intense in the model by 4 to 8 Á 10 10 kg s À1 . Because no arti®cial upper boundary condition is necessary for Eq. (6b), W reaches higher into the stratosphere than W v from analysis data (Fig. 1) . Despite an extension of the considered height range compared to the analysis result, it comes out again that in mid-latitudes strong mass circulation is con®ned to the region below the zonally averaged tropopause (thick solid line). In analogy to the analysis result, the NH summer tropopause (Fig. 6b ) is up to 20 K higher than the tropopause in SH summer (Fig. 6a ).
Eddy¯ux parameterization based on ECHAM3
Analogous to Sect. 4.2, the ®rst model result presented is the meridional PV gradient (Fig. 7 ) and the meridional PV¯ux by transient eddies (Fig. 8) , both given only for January (part a) and July (part b). Figure 7 shows that the gradient is positive almost everywhere again. Deviations from the analysis result occur in the SH.
Generally, the ECHAM3 PV gradient is larger and the tropopause maximum is more extended to the lower stratosphere. Additional tropopause maxima occur at 60 S in January (Fig. 7a) and April (not shown). The negative region in the polar winter stratosphere does not occur in the gradient calculated from the analysis data.
In Fig. 8 the meridional transient eddy PV¯ux of ECHAM3 is shown for January (a) and July (b). As in the ECMWF-analysis result (Fig. 3) , we ®nd the strongest negative¯ux in the vicinity of the zonally averaged tropopause (thick solid line). Negative¯ux regions are always weaker than in the analysis. Their shape is less homogeneous and the position of their maxima clearly diers from the analysis results except in NH July and NH October. The strongest deviations are found in NH January, where no maximum appears below the tropopause, and in SH January, where the maximum is split up into a maximum shifted by 10 polewards and by 10 K downwards compared with the maximum in the analysis data and into a maximum above the tropopause at 40 S. In agreement with the analysis data result, the maximum position is slightly above the tropopause in NH summer and below it in both hemispheres in spring and SH winter. In the other Fig. 4a±d . Isentropic eddy mixing coecient u yy cos 2 u in 10 À5 m 2 s À1 from ECMWF analysis for 4 months. In the shaded area sign is statistically signi®cant with a probability of 95%. Negative contours are marked by thin dashed lines. The contour interval is 2.
Zonally averaged wind-speed contours are thick and short dashed 0 m s À1 and thick and long dashed 10 m s À1 . Capital``J'' marks the subtropical jet positions four cases there is no agreement in the relative position of tropopause and negative¯ux maximum.
In all seasons in both hemispheres, we ®nd a signi®cant northward¯ux of PV above the zonally averaged tropopause poleward of the subtropical jet. Small northward¯ux regions located in the troposphere at $ 50 N in July and at 50 S in January do also appear in the¯ux from the analysis data. As expected from geostrophic balance condition (Tung, 1986) , the position of these summer phenomena is slightly above the small circulation cells found in W (Fig. 6) .
In Fig. 9 we present u yy cos 2 u based on the ECHAM3-T42 experiment. Like the ECMWF-analysis-based result (Fig. 4) , the dominant feature is the combination of regions of more ecient mixing with the subtropical band of weak zonally averaged zonal wind (thick dashed lines). Typical values in signi®cant regions (shaded) are again between 2 and 8 Á 10 5 m 2 s À1 but the maxima in the Fig. 5a±c . Isentropic mean meridional mass¯ow rate d a" q H or con a" q H , respectively, in m s À1 for April from a ECHAM3-T42 d , b ECHAM3-T21 con and c from ECMWF analysis d . The contour interval is 0.4 and negative contours are dashed Fig. 6a, b . Isentropic mass streamfunction, W in 10 10 kg s À1 from ECHAM3-T21 experiments for a January and b July. Contour parameters are the same as in Fig. 1 subtropical troposphere are stronger and more localized than those of the analysis-based u yy uY H.
Generally, the area of signi®cant u yy sign is enlarged compared with the analysis data result. From the statistical point of view the characteristic u yy pattern discussed in Sect. 4.2. is now better founded. As already discussed, the striking blobs mark a limitation of the method; again, they are statistically insigni®cant. Fig. 7a, b . Same as in Fig. 2 for a January and b July but from ECHAM3 experiments. Negative contours are dashed Fig. 8a, b . Same as in Fig. 3 for a January and b July but from ECHAM3 experiments Fig. 9a, b . Same as in Fig. 4 for a January and b July but from ECHAM3 experiments Further qualitative agreement can be pointed out in the lower stratosphere. Again in the NH, the region of signi®cant mixing is extended to middle and polar latitudes. The phenomenon of signi®cant u yy values inside the region of easterly winds in the SH January stratosphere is also to be seen, though somewhat weaker, in ECHAM3 in the same height range.
Middle-and upper-tropospheric mixing regions from analysis and from ECHAM3 have similar shape and strength except in SH January. The strongest signi®cant mixing is again found at 300±310 K in the winter hemispheres with values up to 8 Á 10 5 m 2 s À1 (January) and 14 Á 10 5 m 2 s À1 (July).
Negative u yy values polewards of the subtropical jet in both hemispheres and in all months re¯ect the positive PV¯ux observed at this position. They are stronger in winter than in summer. In the analysis data similar negative regions are observed only in NH winter and spring.
Discussion
The estimation of the distribution of minor constituents demands a consistent calculation of mean meridional circulation and wave-induced mixing. The ECMWFanalysis and ECHAM3-model data are used in order to create such a data set. The basic assumption is that adiabatic processes dominate in the upper troposphere und lower stratosphere at mid-latitudes. This is taken into account in Eqs. (9) and (11), the equations used for calculating mixing coecients. The PV gradient, see Figs. 2 and 7, is continuously positive in the considered height region for ECMWF analysis as well as for ECHAM3-model data. The PV¯ux (Figs. 3 and 8) has mainly negative values. This is in agreement with lifecycle experiments, e.g. Thorncroft et al. (1993) , hereafter THM. But the adiabatic approximation is not necessary to calculate the PV¯ux in the case where observational or model data are directly used. Furthermore, the divergence of Eliassen-Palm¯ux on isentropes was estimated with the mean momentum budget equation and compared with results of PV¯ux. This calculation was carried out for ECHAM3-T21-model data. It shows between both quantities a good agreement. This supports the idea that the adiabatic approach is valid above the boundary layer. Only in the tropics does the diabatic term have a large in¯uence on PV¯ux. In the extratropics the diabatic expression has only a small eect in the calculation of the mixing coecients in the above mentioned height region. Note that Tung (1986) used a corresponding approach in the stratosphere.
Generally, our u yy result neither shows enhanced meridional mixing eciency at the dynamic zonally averaged tropopause, nor a special horizontal mixing barrier at this zonal mean PV contour. However, in the vicinity of the subtropic jet in winter and spring, u yy is reduced noticeably (Fig. 4) , an indication for reducing of mixing in that region of the troposphere. Such a latitudinal dependence was also found by Pierrehumbert and Yang (1993) by means of isentropic trajectory calculations with GCM winds and by Chen (1995) using a semi-Lagrangian transport model and ECMWF-analysis winds. In Fig. 10 the annual cycle of u yy at a height of 320 K shows a mixing barrier at 30 ±35 (marked by a local minimum) in all seasons, except in NH July. In spring, autumn and winter it separates two distinct mixing regions around 15 ±20 and around 40 ±50 . In NH summer the whole barrier pattern appears shifted northwards by approximately 20 . In SH summer the mid-latitude mixing region reaches up to 70 S. The barrier is stronger in the NH, whereas mixing is more ecient in SH winter and spring. Comparison with Fig. 4 yields that the mixing region at lower latitudes seems to be the tropospheric extension of the stratospheric``surf zone'' where Rossby-wave breaking is the dominant mixing mechanism, as will be discussed. For a discussion of eects of asymmetric¯ow on Rossby-wave breaking we refer to Nakamura and Plumb (1994) .
The fact that the tropospheric subtropical zone of more ecient mixing reaches up continuously to the stratospheric breaking zone in both hemispheres, except in summer, supports the argumentation of THM and Chen (1995) that a similar Rossby-wave breaking mechanism can be found slightly polewards of a critical line at the equatorward edges of the polar vortex Palmer, 1983, 1984) and of the subtropical tropopause jet. This critical line is de®ned by u À 0, where is the phase velocity of the baroclinic wave. For stratospheric conditions a theoretical description and quanti®cation of this relation between wave breaking and enhanced u yy values has Fig. 10 . Isentropic eddy mixing coecient u yy cos 2 u in 10 5 m 2 s À1 at 320 K from ECMWF analysis for all seasons been derived by Garcia (1991) and veri®ed with 12 years' analysis data by Randel and Garcia (1994) .
A feature of the isentropic diagnostic of the analysis data hard to understand by life-cycle experiments is the positive¯ux region polewards of the subtropical jet in a region of positive PV gradient (Figs. 2 and 3) . With Eq. (9) it leads to an unphysically negative u yy coecient. A positive Eliassen-Palm¯ux divergence in that region is also found in pressure coordinate diagnostics of climatological data (Edmon et al., 1980; Karoly, 1982; Schmitz and Dethlo, 1984; James, 1994) . We have already mentioned that diabatic eects should not be responsible for that. Also, Fig. 2 , for instance, shows no reduced and no negative PV gradients there, and it seems that frictional processes are not dominant. For the ECHAM3-model data (Fig. 8) , the positive PV¯ux values are stronger than for the analysis one. Generally, the PV¯ux structure of the model and analysis are similar, but with an extreme positive value in lower latitudes in July, see for instance Figs. 8b and 3c. Karoly (1982) lists possible causes of the upgradient¯ux. These are non-linearity in the decay phase of the baroclinic life cycle, diabatic eects associated with deep moisture convection, neglected ageostrophic eects and a local gradient diering from the zonal mean in the region of eddy activity. Indeed, very weak positive PV¯ux is already inherent in idealized anticyclonic shear-type lifecycle experiments in the height-latitude region where EP ux direction turns from upwards to equatorwards in the upper-tropospheric saturation stage. We have carried out adiabatic life-cycle experiments with a simpli-®ed version of the ECHAM3-GCM and obtain a similar positive¯ux region. Because the isentropic formulation applied here is non-geostrophic, neither diabatic eects nor neglected ageostrophic terms explain the phenomenon. These experiments suggest that upgradient¯ux is at least partly caused by non-linearity. Nevertheless, the question remains as to why this positive¯ux in the ECMWF analysis is much stronger than in the idealized life-cycle experiments already mentioned. We consider transient eddy PV¯ux at the height of the positive¯ux maximum (350 K) in its time and longitude dependence. In Fig. 11 a January time-series of¯ux ®ltered by a 7-day running mean illustrates the strong interannual variability at this height. From Fig. 11 it becomes obvious that climatological net positive¯ux between 40 and 50 latitude appearing in Fig. 3a mainly results from the large contributions in the years 1986±1988. On the other hand, we ®nd strong negative¯ux in January 1985. Comparison of NH height-latitude structure of PV¯ux for both years with strongest negative and positive¯ux at 350 K between 40 and 50 N (1985, 1986, Fig. 12 ) yields that negative and positive¯ux regions between 290 and 350 K were weaker in 1985. Positive¯ux between 30 N and 45 N at 350 K completely disappears in 1985, whereas the 50 N¯ux maximum at 330±340 K remains. In Fig. 13 the monthly mean of the zonal wind speed at 350 K from both Januaries is compared, and we ®nd a much stronger Atlantic jet in 1985 which is zonally orientated in contrast to the Atlantic jet in 1986 which has an SW-NE orientation. The Paci®c jet streams in both years are similar and zonally oriented.
The existence of favoured longitude regions for the ampli®cation of baroclinic disturbances and the temporal alternating¯ux directions in the successive evolution stages of the baroclinic waves result in a horizontal¯ux pattern re¯ecting the stationary wave structure in the NH (Lau, 1979) . The distribution of climatological PV ux at the 350-K surface is shown in Fig. 14a and its zonal average in Fig. 14b . In contrast to the SH (not shown), in the NH a remarkable longitudinal dependence occurs. In detail, disturbances causing negative PV¯ux reach the 350-K level in the entrance region of the jet between 20 N and 40 N over the east of North America and over the eastern part of Asia. East of these regions positive¯ux regions follow which are shifted northwards in respect to the negative¯ux maxima. Strong regional¯ux nearly cancel in the zonal average between 10 and 40 N (Fig. 14b) . Northward shift during the propagation stage of the baroclinic disturbances in the NH causes a more incomplete¯ux cancellation in the zonal average than in the idealized model experiments without longitudinal dependence. This leads to enhanced positive mean¯ux between 40 and 50 N. The northeastward shift may be caused by a Fig. 11 . Time-series of northernhemisphere January zonally averaged meridional transient eddy PV ux in 10 À5 m s À1 at 350 K from ECMWF analysis 1984±1991. Dailȳ uxes were smoothed out by 7-day running averaging. Regions with values below 2 are shaded; the contour interval is 2; zero contour is left out; vertical grid lines mark the interruptions at 31 January of each year southwest-northeast orientation of the mean Atlantic jet as suggested by the dierent orientation of the jet axis in the years of extreme positive and negative PV¯ux at 350 K (Fig. 13) .
Further con®rmation of the suggested latitudinal shift of baroclinic wave¯uxes can be found in Randel (1990) , where 6 years of ECMWF-analysis data have been statistically analysed. Based on TEM formalism, it is shown (in his Fig. 10 c) that the successive maxima of Eliassen-Palm¯ux divergence with opposite sign at 300 hPa are shifted by about 4 in the NH.
In the SH both maxima positions are exactly at the same latitude. So arguments of the NH can not be applied here. It could be that positive values of PV¯ux and negative u yy already appearing in idealized life-cycle experiments are due to non-linear processes. Fig. 12a, b . Zonally averaged meridional transient eddy PV¯ux in 10 À5 m s À2 from ECMWF analysis for northern-hemisphere January in a 1985 and b 1986. The contour interval is 1; negative contours are dashed Fig. 13a, b . Monthly mean zonal wind in m s À1 at the 350-K surface in northern hemisphere January a 1985 and b 1986. Only contours !30 m s À1 are drawn Comparison of our u yy derived from ECMWF analysis and from ECHAM3 experiments gives an estimate of the model eciency with respect to zonally averaged transient eddy transport. As discussed in Sect. 4.4, considerable deviations between the PV¯ux from both data sources in some seasons in the troposphere do not result in a qualitatively dierent u yy pattern. This shows the robustness of the signi®cant parts of the mixing pattern already discussed.
The most striking dierence is the occurrence of positive PV¯ux regions immediately polewards of the jet not only in winter but in all seasons and also in the SH. In the SH the most obvious dierence between ECMWF analysis and model consists in a maximum zonal wind speed in the subtropical jet in the model which is about 10 m s À1 greater than in the analysis. The stronger positive PV¯uxes by modi®cation of the uppertropospheric and lower-stratospheric wind shear in a GCM are not fully understood.
Climatological mean meridional circulation for the troposphere calculated in this work based on 10 years of analysis has to be compared with the four seasonal means calculated by Townsend and Johnson (1985) from the FGGE data set covering a 12-month period in 1978±1979. It turns out that both results are in qualitative agreement with respect to seasons, branch structure and order of magnitude. Especially the tropospheric part of circulation, Fig. 2 , also agrees quantitatively with the result of Townsend and Johnson (1985) . Considered in more detail, we ®nd excellent agreement of the circulation strength in the SH tropical (Hadley) branch of the hemispheric cell throughout the year and dierences in the extratropical branch, which is weaker in our analysis in the NH and stronger in the SH. The dierence between SH winter (summer) and NH winter (summer) Hadley branch is much smaller in our 10-year data set. Note that a similar meridional transport streamfunction can be obtained by averaging in density coordinates (Karoly et al., 1997) .
In the ECHAM3-T21-experiments meridional mass ow rate, d , in subtropics is seriously wrong in strength and direction above 390 K (Fig. 5a ) in comparison with the mean ECMWF circulation. This can not be a consequence of the upper boundary condition at 500 K 0, because d is derived directly from Eq. (4) in both cases. The strength of deviation depends on the model spectral resolution. This can be seen in Fig. 15 , where the result of the T42 experiment is shown. Comparison with the T21 result in Fig. 5a yields that the subtropical circulation in the lower stratosphere has opposite direction. That may be caused by the treatment of the layers above 100 hPa with a large hyperdiusion. On the other hand the tropospheric circulation is similar. The dierence of d between the T21 and T42 runs means that the T21 circulation is not sucient as a mean transport circulation in a 2D model. But we have the possibility to calculate the mean meridional circulation from the physical model heating rates. In this way we obtain a realistic transport circulation with the only drawback that consistency with u yy is lost in the lower stratosphere. Fig. 14a, b . Climatological meridional transient eddy PV¯ux in 10 À5 m s À2 at a the 350-K surface and b its zonal average in northern hemisphere January based on 10 years of ECMWF analysis 1984±1993. The contour interval is 6.
Regions with values below A3 are shaded and the contours are dashed Fig. 15 . Isentropic mean meridional mass¯ow rate d a" q H for April from ECHAM3-T42. The contour interval is 0.4 and negative contours are dashed 6 Summary and conclusions Two sets of climatological seasonal transport parameters are presented for possible application in zonally averaged transport models of the troposphere and lower stratosphere. The data base comprises 10 years of ECMWF analysis and of ECHAM3 GCM runs. Calculation is based on the isentropic parameterization formalism of Tung (1986) .
Our mean meridional mass circulation derived from 10 years of ECMWF analysis is the climatological update of the isentropic analysis of Townsend and Johnson (1985) for a 12-month period. Good agreement is found in shape and strength of the direct hemispheric circulation cells in the troposphere. The most striking quantitative change is the reduced dierence of the circulation strength between the northern hemisphere in January and southern hemisphere in July.
Parameterization of large-scale eddy mixing along isentropes in the troposphere and lower stratosphere is done consistently with the mean meridional circulation based on 3D data and a¯ux-gradient relation. The spatial structure of isentropic mixing has a connection with the temporal and spatial evolution of baroclinic disturbances. Regions with more ecient horizontal mixing are found (1) in a vertical band in the subtropics and (2) in mid-latitudes in the middle troposphere, especially in winter and spring, when the maximum of negative PV¯ux is clearly below the tropopause. In NH winter and spring strong evidence is found that baroclinic-wave development is determined by the stationary wave structure, resulting in an enhanced positive PV¯ux in a small region polewards of the subtropical jet. Immediately above the NH mid-latitude tropopause zonally averaged PV¯ux is the result of incomplete cancellation of much stronger regional¯uxes with opposite sign. A strong interannual variability of the net zonally averaged¯ux is observed. This is a consequence of the situation that the result of cancellation of large quantities is sensible to¯uctuations of the ground state.
A climatological tropospheric zonal mean barrier for large-scale eddy mixing is detected in the ECMWFanalysis data set in winter and spring in both hemispheres. Its latitudinal position coincides with the position of the subtropic jet.
Comparison of the ECHAM3 mass circulation with the ECMWF-analysis result yields that tropospheric circulation is similar in most aspects if it is calculated from the diabatic heating rates of the model equations. Model meridional mass¯ow rate in the subtropics above 100 hPa diers signi®cantly from the analysis. Sign and value of the deviation depend on model spectral resolution, suggesting that it is determined by the numerical treatment of the upper boundary in the model. Qualitative shape of the u yy pattern, its seasonal cycle and correlation with the zonally averaged zonal wind observed in the analysis data are reproduced to a large extent by the model. Reduced interannual variability in the model experiments improves statistical signi®cance of this mixing pattern. Major dierences occur polewards of the subtropical jets, where positive PV¯ux is more frequent and stronger in the model.
The veri®cation of Tung's parameterization formalism for the troposphere and lower stratosphere by this work contribute towards a uniform description of zonally averaged transport in troposphere and stratosphere.
